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Several  significant  developments  have  occurred  in  the  six  month  period 
since  the  previous  Semi-Annual  Technical  Report.  The  most  significant 
development  was  the  discovery  that  SrTi03  glass  ceramics  (FEL  multilayer 
samples)  showed  only  heating  effects  at  4K  for  both  polarization  and  de- 
polarization. At  the  same  time,  the  pitting  problem  for  ceramming  tem- 
peratures above  1100  C was  partially  solved.  The  ceram  temperature  at 
which  large  pits  now  first  appear  has  been  increased  tr  1160°C.  Those 
samples  showed  some  improvement  in  dielectric  properties  but  they  still 
showed  only  heating  effects  at  4K. 

Development  work  on  two  types  of  heat  switches  was  essentially  com- 
pleted. The  gold-plated  multiple  leaf  heat  switch  was  shown  to  be  useful 
tor  heat  loads  up  to  about  1 watt  at  4K.  The  magnetcthermai  conductivity 
measurements  on  single  crystal  beryllium  indicate  that  it  could  be  used 
for  noth  the  upper  and  lower  switch.  A few  details  on  the  magnetothermal 
switches  remains  to  be  done  as  well  as  a test  of  the  helium  gap  heat  switch. 
Tnis  further  work  has  been  temporarily  susrended  in  order  to  concentrate 
fully  on  solving  the  refrigerant  material  problem. 

Several  electrothermal  measurements  have  been  done  on  the  SrTiCH 
glass-ceramic  samples  to  try  to  understand  why  they  behave  as  they  do. 

In  addition  an  apparatus  for  measurement  of  DC  polarization  and  hysteresis 
was  completed.  The  results  from  those  measurements  are  consistant  with  the 
electrothermal  measurements.  A phenomenological  understanding  of  the 
problem  has  resulted  from  these  measurements,  but  there  are  still  several 
points  which  are  not  understood  in  detail.  Studies  of  several  new  materials 
have  begun  in  order  to  better  understand  the  electrocaloric  effect  near  4K 
and  in  hopes  of  finding  a satisfactory  refrigerant  material. 
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1 • INTRODUCTION 

i 1°  r®vifw  brlefly.  SrTi03  glass-ceramics  were  developed  which  dia- 

’ 6 con8tant  <e>  peak  at  ab°ut  33K  end  de/dT  at  4K  ranges 

up  to  25K  1 (in  research  samples).  Polarization-field  measurements  by 
the  a.c.  bridge  method  showed  that  for  field  strengths  up  to  205  kV/cm 
the  hysteresis  loop  was  very  slim  and  the  residual  polarization  very 

r ;T  n :tl!8,uPflraele5trl!  " antif err oelec trie  phase  transition  in 
? TfO3  orystaliites  at  33K  (x-ray  dati  show  that  the  dielectric  anomaly 

iuWith  3 CUblC  * tetra8°nal  structural  change  in  the  SrTiO 
crystals).  These  properties  suggested  the  material  could  be  used  as  a~ 
refrigerator,  since  (3S/3E)  - (3P/3T)_  - (9e/  T)  > 0. 

A E E 

Multilayer  SrTiOj  glass-ceramic  samples  fabricated  in  Rayleigh  have 
been  piagued  by  pitting  for  ceram  temperatures  above  1100°C.  Consequently, 

Most  of^  6 Wa8  daVOted  t0  optimizing  the  1100°C  process  conditions. 
nnn°rf  S*  work  dlscUS8ed  in  this  report  are  on  FEL  samples  cerammed  at 
1100  C under  optimum  conditions  up  to  1/1/75.  A.  J.  Morrow  ha.  quite  recently 

neiatur!  t0  SCme  “twit.  Now  samples  can  be  cerammed  at  tem- 

peratures up  to  1160  C before  severe  pitting  occurs.  Some  results  on 

these  samples  are  also  discussed  in  this  report.  The  most  significant 

onlv  hearf  flnd,ln8  thaS:  a11  °f  the  FEL  multllay«  samples  showed 

nly  heating  effects  at  4K  for  both  polarization  and  depolarization. 

2.  HEAT  SWITCHES 

i |Jevel°pment  work  on  two  types  of  heat  switches  was  essentially  com- 
pieted.  The  gold-plated  multiple  leaf  switch  was  shown  to  be  useful  for 
heat  loads  up  to  about  a maximum  of  1 watt  at  4K  or  4 watts  at  16K.  Higher 
heat  loads  require  so  many  leaves  (>  5)  that  it  is  difficult  to  separate 
them  in  the  off'  case.  The  resulting  "on"  to  "off"  ratio  is  then  too 
low  to  be  a useful  heat  switch. 

Resuxts  of  the  magneto thermal  conductivity  measurements  on  single 
crystal  beryllium,  shown  in  Fig.  1,  indicate  that  it  could  be  used  for 
both  the  upper  and  lower  switch,  although  an  actual  Be  switch  has  not 
yet  been  demonstrated.  Measurement  of  the  thermal  boundary  resistance 

* ®xldar  J°lnt  between  beryllium  and  copper  has  yet  to  be  measured, 
s of  the  helium  gap  switch  have  been  postponed  so  that  our  full  effort 
can  be  concentrated  on  the  refrigerant  Taterial. 
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3.  ELECTROTHERMAL  MEASUREMENTS  ON  FEI,  MULTILAYER  SAMPLES 


3 . 1 Experimental  Techniques 

The  previous  technical  report  gave  details  of  the  apparatus 
in  which  specific  heat,  electrocaloric  effect  and  dielectric  constant  can 
be  measured  on  two  samples,  and  an  NBS  Tech.  Note  has  been  prepared.  A 
very  brief  description  is  given  here  for  completeness.  Each  sample  is 
mechanically  supported  in  vacuum  from  a thermal  reservoir  by  a carbon 
radio  resistor.  This  resistor  also  acts  as  the  thermal  link  between  the 
sample  and  the  reservoir  with  a resulting  thermal  time  constant  that 
usually  varies  between  about  1 minute  at  2K  to  about  10  minutes  at  20K. 
Heat  pulses  can  be  applied  to  the  sample  by  a resistance  wire  varnished 
on  one  side  of  the  sample  and  insulated  from  the  sample  electrodes.  High 
voltage  lead  connected  to  the  sample  electrodes  permit  large  electric 
fields  to  be  applied  to  the  Bample.  A carbon  thermometer  varnished  on 
the  sample  detects  the  temperature  change  when  either  a heat  pulse  is 
applied  (specific  heat)  or  a change  in  electric  is  applied  (electrocaloric 
effect).  A capacitance  bridge  is  used  to  measjre  the  dielectric  constant 
of  the  sample. 

3.2  Effects  of  Initial  Polarization 


The  first  observation  was  that  the  initial  voltage  application 
at  caused  heating  rather  than  the  expected  cooling.  Moreover,  this 
heating  persisted  for  very  long  times.  Data  are  shown  in  Fig.  2 for  two 
FEL  samples  cerammed  at  1100°C  where  at  t * 0 the  field  wa3  switched 
0 -*■  239  kV/cm.  These  data  were  obtained  by  analyzing  T(t)  data  knowing 
thermal  conductance  data  G(T)  for  the  thermal  links.  For  times  'V-  40  min., 
the  heating  has  fast  and  slow  components  with  time  constant  ^ 2 min.  and 
% 20  min  , respectively.  Considerable  energy  is  dissipated  in  this  pro- 

cess, ^0.1  - 0.2  J/cm^  from  Fig.  2.  It  was  found  experimentally  that 
once  these  initial  mechanisms  stabilized  at  some  field  value,  the  field 
could  then  be  reduced,  cycled,  etc  without  re-triggering  these  mechanisms. 
Qualitatively  the  same  results  were  seen  in  FEL  samples  cerammed  at  tem- 
peratures between  1000°C  and  1160°C.  Samplet  prepared  at  915°C  came  into 
equilibrium  almost  immediately  (i.e.,  at  915°C  no  significant  crystallization 
has  occurred. 


3 . 3  Electrocaloric  Effect  in  Stablized  Samples 

The  large  heating  observed  during  the  initial  polarization 
of  the  sample  is  not  important  for  a refrigerator.  The  important  thing 
is  what  happens  during  subsequent  polarization  and  depolarization  cycles 
with  the  electric  field  always  in  the  same  direction  as  that  used  to 
initially  polarize  the  sample.  Such  polarization  and  depolarization  measure- 
ments were  done  on  several  FEL  samples  with  different  cerrm  temperatures. 

All  samples  behaved  qualitatively  the  same.  For  temperatures  between  2 
and  7K  only  heating  effects  were  seen  as  shown  in  Fig.  3 for  two  FEL 
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samples  ceranmed  at  1100°C.  Values  for  AT  are  about  ti»?  sane  for  both 
pola’ izatlon  and  depolarization  and  are  quantitatively  consistent  with 
hysteresis  heating  that  was  calculated  from  measurements  of  the  hysteresis 
loop.  This  heating  is  much  smaller  than  the  expected  cooling  effects 
during  polarization.  Below  4K  there  is  essentially  no  difference  in  the 
A1  for  polarization  compared  with  depolarization.  Above  4K  there  does 
appear  to  be  some  difference.  Such  a difference  indicates  there  is  a 
small  reversible  cooling  effect  during  depolarization  and  a small  re- 
versible heating  effect  during  polarization  that  is  superimposed  on  the 
hysteretic  heating. 

Figure  4 shows  the  AT  behavior  of  the  same  samples  in  the 
temperature  range  20-4UK.  At  this  temperature  the  reversible  electro- 
caloric  heating  and  cooling  effects  dominate  the  hysteretic  heating.  The 
deviation  of  the  points  from  the  curve  at  the  lower  temperatures  would  be 
a result  of  the  small  hysteretic  heating.  Samples  ceramred  at  other  tem- 
peratures show  similar  behavior  although  there  is  a general  trend  toward 
a larger  electrocaloric  effect  for  higher  ceram  temperatures. 

3.4  Specific  Heat 

The  zero  field  specific  heat  of  an  unelectroded  FEP  sample 
cerammed  at  1100°C  is  shown  in  Fig.  5.  The  FEL  samples  should  have  a 
similar  behavior.  This  figure  also  shows  the  specific  heat  of  a glass, 
fused  Si02»  and  the  specific  heat  of  a single  crystal  SrTiC>3.  The  single 
crystal  SrTi03  specific  heat  curve  is  from  unpublished  data  by  J.  H.  Colwell 
of  NFS,  Washington.  Tne  FEP  glass-ceramic  is  approximately  50%  SrTiOj  and 
50%  glass  phase,  though  the  glass  phase  is  an  alumino  silicate  rather  than 
fused  Si02.  The  specific  heat  of  the  FEP  glass-ceramic  appears  consistent 
with  what  would  be  expected  of  a mixture  of  SrTi03  and  glass.  The  data 
show  no  indication  of  a large  anomaly  in  the  range  3-20K.  A transition 
from  an  antif erroelectric  state  (or  ferroelectric  state)  to  a paraelectric 
state  would  give  rise  to  a peak  in  the  specific  heat  at  the  transition 
temperature.  Such  peaks  are  usually  spread  out  somewhat  in  temperature, 
but  the  specific  heat  of  FEP  and  20K  shows  no  apparent  indication  of  any 
approaching  peak  at  33-40K.  The  possibility  of  a sharp  peak  at  33-40X 
cannot  be  ruled  out  until  zero  field  specific  heat  data  are  obtained  In 
that  temperature  range. 

The  specific  heats  of  the  two  FEL  samples  used  in  the  electro- 
caloric effect  experiments  were  measured  at  4.4K  as  a function  of  electric 
field.  For  an  electric  field  of  220  kV/cm  the  specific  heat  decreased 
only  about  5%  compared  with  the  zero  field  specific  heat.  Thus  the  change 
in  entropy  at  4K  with  electric  field  is  also  very  small. 
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4-  0-.C-  POLARIZATION  MEASUREMENTS  ON  PEL  MULTILAYER  S1HP1  PS 

relation^*1811*6  e"t“'P>'  “lth  'leCtrlC  fleld  U Elves  by  the  Hm.ll 


P if  fhe  Polarization  of  the  .uple  .nd  E 1.  the  applied  electric 
determined  “P°n  CyCl1"8  E>  th“  P c*»  »' 


P(E)  - e (E)dE, 


bia^fiild  iSThiq  di*leCffic  constant  measured  as  a function  of  D.C. 

If  exPre88lon  waa  u«ed  for  all  of  the  previous  calc  ilations 

Jhen  musf  k hysteresis  is  present,  Eq.  (2)  is  no  longer  valid  and  P 
hen  must  be  measured  directly  with  a circuit  like  that  described  b low. 

4<1  Experimental  Techniques 


Hysteresis  curves  on  a dielectric  are  usually  produced  with  a 
ml  TL  i:"!'  operating  at  50-60  Hz.  In  such  a cJr^uU?  the  p„!.r- 

across  a la«e  8*BJle  **  P'°P°rtlon.l  to  the  voltage  developed 

thP  hL?  ! ? 8tan<?ard  capacitor  in  series  with  the  capacitor  containing 

of  an  oscllloa’copTor'an  x-^recorte'r  th'  d'»-tlo„ 

caoacimr  ? y /ecorder»  and  the  voltage  across  the  sample 

dr  . l l ° SLj°r  TS  d'£Uctlon-  A voltage  oacllletor 

Hli;y  da,,  Because  of  the  long  equilibrium  times  encountered 

during  the  initial  polarization  of  the  FEL  glass  ceramics  it  ZJ £! 

whereHfl  ^ r?dUCe  08cillation  frequency  in  such  a circuit  to  the  point 
single  cycle  would  require  several  hours  to  complete. 

surine  hvJo/!!  desired  to  have  a circuit  that,  in  addition  to  mea- 

g y9teresiB  curves,  could  also  measure  the  temperature  dependence 

dPr  ab  *r  °"  :n»V—  fleld'  Consequently  tl  £ redone it 
polnt-bv  ooF„r  ^ h °"a  ln  “hlCh  the  "I'totonlP  curves  are  map,  ad  out 
£ . y point>  In  that  case,  the  voltage  across  the  standard  capacitor 

mus  be  measured  with  an  electrometer.  Its  input  impedance"*  soTigJ 

on  the  erHiQe  J°a8tant  for  v°ltage  decay  on  the  standard  capacitor  is 
of  the  lit  r day8”  A digital  voltmeter  was  connected  to  the  output 
he  electrometer  to  obtain  better  resolution.  The  internal  resistance 
o the  sample  capacitor  must  also  be  high  enough  (R  > lO^)  to  make 
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leakage  currents  negligible  during  the  measurements.  A high  voltage 
Da.  power  supply  was  connected  across  the  standard  and  sample  capacitors 
in  series-  Because  the  capacitance  of  the  standard  is  much  larger  than 

offlthefJhe  8&mple’  th®  volta8e  applied  to  the  sample  is  essentially  that 
the  power  supply,  it  can  be  shown  that  in  a circuit  like  that  1u«r 
described  the  electric  displacement  D in  the  .ample  is  given  by 


csVA’ 


(3) 


where  C the  capacitance  of  the  low  leakage  standard  capacitor,  V is 
the  « i*  acr°®8  the  8ta^dard  capacitor,  and  A is  the  electrode  aria  of 
have  r T)1^cap!?1?0r'  A11  the  materlals  being  studied  in  this  program 

M , ieCt  C COn8tants  ffiuch  lar8®r  than  one.  Hence  thf 
polarization  is  then  simply  P ■ D 


- CSVS/A. 


4.2 


Initial  Polarization 


_j  , . X"itial  P°lari2Stion  of  the  FEL  glass-ceramic  samples  gave 

rise  to  large  heating  effects  (Section  3.2)  with  decay  time  constants 

Th  SeVH<fJ  ”i"Utes-  The  only  exception  was  a sample  prepared  at  915°C. 
The  modified  Sawyer-Tower  circuit  described  above  was  used  to  measure 
the  time  dependence  of  the  polarization  in  several  FEL  samples  when  a 

wlrmV?8  flr8t  3pplied  Co  the  aamPle  at  a temperature  of  4K.  Samples 
warmed  to  room  temperature  appear  to  lose  all  memory  of  previous  polari- 

it  Ttiw?,  p«gure  f shows  h°r the  initiai 

diffM  t f ? ?/  i Pl*  cerann,ed  at  1090°C.  Curves  are  shown  for  two 

md  f?  Si  Vfl  u68*  ThC  lnltial  Polarl*atl°"  increases  with  time 

and  finally  approaches  an  equilibrium  value  P(-)  after  a few  hours. 

i^  F^m%COK8^ant8,al?  comparable  to  that  in  the  heating  effects 

Fig.  2,  but  a single  time  constant  cannot  be  used  to  fit  the  data. 

A • 3 Hysteresis  Loops 

T.  ^ . Flg“re  7 shows  a typical  hysteresis  curve  on  the  FEL  samples. 

hour  u*  e,-8i,OWn  13  tak?n  3t  4K  °n  a samPle  cerammed  at  1090°C.  About  an 
hour  was  taken  to  complete  the  cycle.  Note  that  hysteresis  is  consider- 

Ye  uCed  for  a cyde  in  only  one  direction  of  the  applied  field  pro- 

^the^L^H^1™  Jleld  d06S  n0t  6XCeed  that  °f  the  initlal  polarization 
d^ectlon’  The  value  of  P for  E - 0 is  called  the  remanent 

two  part  l0n’  Pr’  ^ t0tal  polarization  can  then  be  written  as  a sum  of 


P.  i-  P 
L r 


(A) 
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where  Pg  is  that  part  of  the  polarization  induced  by  tie  electric  field. 
Actually  Pr  is  dependent  on  the  maximum  field  applied,  but  for  fields 
on  the  order  of  200  kV/cm  the  sample  is  nearly  saturated  and  Pr  increases 
very  little  with  increasing  field.  The  A.  C.  dielectric  constant  measure- 
ments determine  essentially  just  P„  via  Eq.  (2).  The  rather  large  values 
of  Pr  were  not  expected  and  are  indicative  of  ferroelectric  behavior  rather 
than  the  expected  anM ferroelectric  behavior.  Additional  explanations 
of  these  effects  aro  givcu  iU  section  5. 

4 • 4 Temperature  Dependence  of  Polarization 


As  shown  by  Eq . (1),  the  temperature  iependence  of  P deter- 
mines the  entropy  change  for  a given  field  change.  Figure  8 shows  results 
uf  measurements  of  P as  a function  of  temperature  on  several  FEL  samples 
which  had  different  ceram  emperatures.  The  P curves  were  measured  with 
a field  of  3.54  kV/cm  applied  as  the  samples  were  cooled  from  77K.  The  l 
curves  were  measured  after  the  field  was  taken  off  at  4K  anc  s the  samples 
were  warmed  up.  These  curves  ere  actually  somewhat  history  dependent,  as 
would  be  expected  in  samples  which  show  hysteresis.  The  PE  curves  shown 
in  Fig.  8 are  merely  the  difference  between  P and  Pr . The  PF  curves 
show  a behavior  similar  to  that  of  the  dielectric  constant  measured  by 
an  A.  C.  capacitance  bridge.  It  should  be  emphasized  that  Fig.  8 shows 
the  normaiized  polarization  P/P0,  P £/P0,  and  Pr/?  where  Pn  is  the  value 

QiCLat„°  Ko  V^lufs  of  Po  for  the  afferent  ceram  temperatures  are: 

915  C,  0.0082UCW;  1000°C,  0. 0655MC/cm2 ; H)90°C,  0.169uC/cm2;  1160°C, 
0.167yC/cmS 


The  important  thermodynamic  quantity  is  P,  waich  shows  no 
temperature  dependence  below  about  10-15K.  The  observation  of  electro- 
caloric effects  in  the  20-40K  temperature  range  but  noi  at  4K  is  thus 
consistent  with  the  polarization  measurements. 


5.  DISCUSSION 


We  now  understand  the  behavior  of  the  FEL  glass  ceramics  from  a 
p enomenological  standpoint.  From  a microscopic  standpoint,  there  are 
several  things  not  understood  yet.  The  hysteresis  effects  are  indicative 
o a erroelectric  material.  It  is  not  too  surprising  that  at  4K  equili- 
brium times  for  domain  reversal  can  be  on  the  order  of  hours  for  the  field 
strengths  used.  What  is  surprising  is  the  fact  that  the  remanent  polari- 
zation persists  even  for  temperatures  greater  than  77K.  It  is  known  from 
x-ray  data  that  the  SrTiO  crystals,  in  the  glass-ceramic  are  cubic  for 
temperatures  of  77K  and  afUe.  Thus  they  should  not  show  a remanent 
polarization  from  symmetry  considerations.  The  observation  of  an  apparent 
remanent  polarization  could  be  explained  in  several  ways:  (1)  the  remanent 
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polarization  exists  only  in  the  glass  phase,  (2)  application  of  a field 
destroys  the  cubic  symmetry,  or  (3)  the  apparent  remanent  polarization  is 
actually  due  to  the  injection  and  storage  of  charges  near  the  surface  next 
to  the  electrodes.  This  third  possibility  is  not  a true  polarization  but 
it  is  commonly  observed  in  electrets.  The  recent  observation  of  an  apparent 
polarization  in  a pure  cubic  single  crystal  of  KTaO_  could  tend  to  rule  out 
point  (1).  Measurements  on  other  SrTiO„  glass-ceramics  with  different  glass 
compositions  are  planned  to  check  point J(l)  further. 

The  measured  electrocaloric  effects  in  the  FEL  samples  are  in  quanti- 
tative agreement  with  the  temperature  dependence  of  the  total  polarization. 
Though  there  is  a general  trend  of  an  increased  electrocaloric  effect  for 
higher  ceram  temperatures,  the  increase  is  not  very  rapid.  Ke  conclude 
that  the  FEL  glass-ceramics  cannot  be  used  for  refrigeration  below  liK. 
Experiments  are  now  underway  to  determine  if  a different  glass  composition 
or  the  elimination  of  the  2%  Nb20^  content  in  the  SrTiOj  will  Increase  the 
electrocaloric  effect. 


6 . FUTURE  W^RX 

The  materials  aspect  of  the  program  has  been  expanded  to  lest  several 
other  candidate  cooling  materials.  The  most  promising  material  to  date  is 
a single  crystal  of  KTaOj  obtained  from  Sandia.  Attempts  to  make  KTaOj  into 
a glass-ceramic  and  a ceramic  are  underway  by  A.  J.  Morrow  at  Raleigh. 

Other  samples  to  be  tested  are  various  lead  zirconate-titanate  (PZT) 
compositions.  These  have  antif erroelectric  or  ferroelectric  transitions 
somewhat  above  room  temperature  but  show  a temperature  dependence  in  the 
dielectric  constant  at  4K.  The  entropy  change  at  the  transitions  are 
larger  than  required.  Whether  enough  of  this  entropy  is  left  at  4K  to  do 
any  significant  refrigeration  is  still  uncertain,  but  it  appears  doubtful 
from  thermodynamic  considerations. 

Lead  niobate  and  some  of  its  relatives  have  transitions  to  the  anti- 
ferroelectric  state  in  the  range  of  15-50K.  Thus  most  of  the  polar  entropy 
is  available  for  cooling  in  the  15-4K  range.  Whether  there  is  enough  en- 
tropy at  the  transition  is  a question  that  needs  to  be  answered.  Prepara- 
tion of  lead  niobate  samples  is  in  progress  by  A.  J.  Morrow. 
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7 . FIGURE 
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CAPTIONS 

1.  Thermal  conductivity  versua  temperature  for  a single 
cryatal  of  beryllium  in  various  tranverae  magnetic 
fields.  The  heat  flow  is  parallel  to  the  c axis  and 
the  magnetic  field  parallel  to  the  a axis.  Thia 
■ample  had  a residual  resistance  ratio  (RRR)  of  1500. 

The  data  of  Gruneisen  and  Adenatedt  [Ann.  d.  Phya.  [5] 

31,  714  (1938)]  is  shown  for  comparison. 

2.  The  time  dependence  of  self  heating  in  two  FEL  glaaa- 
ceramlc  after  an  electric  field  is  first  applied  to  the 
samples  at  4K.  Both  samples  had  ceram  tempera turea  of 
1100°C. 

3.  The  temperature  rise  in  two  previously  polarized  FEL 
samples  during  a change  in  the  electric  field.  The 
open  symbols  are  for  an  increase  in  field  and  the 
closed  symbols  are  for  a decrease  in  field. 

4.  The  temperature  change  in  two  previously  polarized 
FEL  samples  during  a change  in  the  electric  field. 

This  aata  is  for  the  20-40K  temperature  range  where 
cooling  is  seen  for  a decrease  in  field. 

5.  The  specific  heat  of  FEP  glass-ceramic  in  zero  applied 
electric  field.  Shown  for  comparison  are  specific 
heat  curves  for  fused  SiC2  and  single  crystal  SrTiC^. 

6.  The  time  dependence  of  the  polarization  after  an  electric 
field  is  first  applied  to  a FEL  sample  at  4K.  The  re- 
lative change,  [P(“)  - P(t)]/P(°°)  is  actually  shown, 
where  P(t)  is  the  polarization  at  the  time  t and  P(«o) 

is  the  equilibrium  value  that  is  reached  after  a long  time. 

7.  The  polarization  hysteresis  curves  at  T * 4K  for  a FEL 
sample  cerammed  at  1090°C.  The  larger  loop  occurs 

when  the  field  is  cycled  between  -56  kV/cm  and  +56  kV/cm. 
The  remanent  polarization  is  indicated  by  Pr.  The 
smaller  loop  occurs  when  the  field  is  cycled  between 
0 and  +56  kV/cm. 

8.  The  temperature  dependence  of  the  normalized  polariza- 
tion for  FEL  samples  cerammed  at  different  temperatures. 
The  normalization  constant  P is  the  extrapolated  value 
of  the  total  polarization,  P,  at  0 K.  The  remanent 
polarization,  Pr,  and  the  field  induced  polarization,  Pg, 

are  also  normalized  by  P . 
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